Purpose The aim of this study was to detect the effects of different cooling rates and different ice-seeding temperatures on the cryopreservation of whole ovaries. Methods Cow whole ovaries were slowly frozen using different protocols with different cooling rates and different ice-seeding temperatures. Follicular viability was assessed using the trypan blue test; the percentage of morphologically normal primordial follicles and the follicular densities of grafts were measured. Results Protocol IIb was most effective protocol. Protocol Ib was more effective than protocol Ia and protocol Ic, and protocol IIIb was more effective than protocol IIIa and protocol IIIc. Conclusions Protocol IIb (the cooling rate was 0.2°C/min, and the ice-seeding temperature was −5°C) was appropriate for slow freezing of cow whole ovaries.
Introduction
Patients requiring chemotherapy and/or radiotherapy for cancer or other benign pathologies are likely to develop premature ovarian failure and loss of fertility because of these potentially gonadotoxic treatments [1, 2] . Surgical removal of ovarian tissue, followed by cryopreservation and autotransplantation, offers the possibility of circumventing gonadotoxic injury.
Human ovarian cortical tissue strips have been cryopreserved, thawed, and autotransplanted to several sites with successful reproductive function [3] [4] [5] [6] . However, a cessation of the function is seen in most cases within 6-9 months after retransplantation [7] . Studies have shown that the key factor responsible for follicular survival is the postgrafting ischemia, which resulted in significant follicular loss and affected long-term graft functionality [8] [9] [10] .
In theory, the cryopreservation of intact ovary followed by autologous transplantation using microvascular anastomosis, could achieve an immediate blood supply to maximize graft survival. Spontaneous pregnancy after transplantation of an intact frozen-thawed ewe ovary with microvascular anastomosis shows that this technique is promising [11] . Unfortunately, follicular loss after vascular transplantation of the whole frozen-thawed ovaries is as severe as after transplantation of frozen-thawed ovarian tissue [11, 12] . The protocol of cryopreservation of whole ovaries should be improved.
Cryopreserving a large-sized intact ovary is problematic because of the difficulty of adequate diffusion of cryoprotective agents into large tissue masses. Another challenge of freezing whole ovaries is related to heat transfer in such a largesized organ [13] . Imperfect freezing technologies for bulky organs can be a big barrier to whole ovary transplantation.
The factors affecting the efficiency of slow freezing include the cooling rate and the ice-seeding temperature. Previous studies have shown that the survival of oocytes, morulae, and ovarian tissue after freezing and thawing is affected by the cooling rate and the ice-seeding temperature during cryopreservation [14] [15] [16] . To our knowledge, few studies have reported the optimal cooling rate and iceseeding temperature for slow freezing whole ovaries. The present experiment was therefore designed to perform a comparative investigation of several different protocols using different cooling rates and ice-seeding temperatures and to improve the protocol for slow freezing whole ovaries.
In this study, we chose a cow model for the following reasons: (1) cow ovaries are comparable in size to human ovaries; (2) only one or two follicles mature during each cycle as the maturation of multiple follicles greatly influences the ovarian volume, and therefore influences the outcome of the freezing process (in pigs, multiple follicles mature during each cycle); and (3) cows have monthly cycles [17] .
Materials and methods
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated.
This study was approved by the Animal Research Ethical Committee of the Shandong University. We collected ovaries with ovarian pedicles from on average 5-year-old cows at the Shandong Hypor Liuhe Breeding Farm. All the selected ovaries were in follicular phase and the ovarian vessels were identified and cut so as to be as long as possible. The ovaries were perfused with heparinized (100 IU ml −1 ) Ringer ' s solution immediately after removal from cows, and the ovaries and vessels were transported to the laboratory at 10°C to minimize ischemia. Fifty ovaries were randomly assigned to the control groups and the experimental groups. Five ovaries were in each group. Based on the cooling rate, the protocols were assigned into protocol I, protocol II, and protocol III.
Protocol I: the cooling rate was 2°C/min. Protocol II: the cooling rate was 0.5°C/min. Protocol III: the cooling rate was 0.1°C/min.
Based on the ice-seeding temperature, the protocols were assigned into protocol a, protocol b, and protocol c.
Protocol a: the ice-seeding temperature was −2°C. Protocol b: the ice-seeding temperature was −5°C. Protocol c: the ice-seeding temperature was −8°C. Therefore, the experimental groups were as follows: group Ia, group Ib, group Ic; group IIa, group IIb, group IIc; group IIIa, group IIIb, and group IIIc.
Cryopreservation of the ovaries
The ovaries were perfused via the ovarian artery with the cryoprotective mixture for 30 min, and the flow rate was 2.5 ml/min. The cryoprotective mixture contained modified phosphate-buffered saline (DPBS) medium, 1.5 mmol/L dimethyl sulfoxide (DMSO) and 15% heated-inactivated fetal calf serum (FCS) (Sijiqing Co., Hangzhou, China). After perfusion, the ovary was transferred to 15 mL cryovials (Corning Coaster Corporation, Cambridge, MA, USA) containing the cryoprotective mixture for controlled freezing using a Planer cryochamber. Cooling began at +4°C
and continued at 2°C per minute until ice nucleation was induced at different temperature (−2°C, −5°C, and −8°C). The temperature was then reduced at different cooling rates (2°C/min, 0.5°C/min, and 0.1°C/min) until −40°C and subsequently at 10°C per minute until −140°C before the cryovials were plunged into liquid nitrogen.
Thawing of ovary
One week later, the vials were removed from the Dewar and held in air at room temperature for 2 min before plunging in a water bath at 37°C for another 2 min with gentle shaking. To remove the cryoprotectant, the ovaries were bathed and perfused in three steps of 10 min each at room temperature with a reversed sucrose concentration gradient (1.0 M, 0.25 M and 0 M sucrose) in Leibovitz L-15 medium to prevent osmotic injury. The perfusion rate was 2.5 ml/min.
Evaluation of follicular viability
The cryopreserved thawed ovaries were evaluated for follicular viability in terms of structural integrity of plasma membrane by the trypan blue exclusion test. Ovarian fragments were thinly sectioned in Leibovitz L-15 medium supplemented with 1 mg/mL (200 IU/ml) type 1 collagenase, incubated at 37°C for 2 h and pipetted every 30 min. Collagenase activity was inhibited by 50% FCS. The suspension was filtered through a 70-μm nylon filter (Becton Dickinson Labware, Frankline Lakes, NJ, USA) and centrifuged at 400g for 5 min. The precipitate was diluted with 50 μl of Leibovitz L-15 medium and kept in a water bath at 37°C. Twenty microliters of 0.4% trypan blue was added to the suspension containing the follicles, deposited on a glass slide and examined under an inverted microscope. For each fragment, 100 small intact follicles were examined; the partially or completely denuded oocytes were excluded. Both the number of stained cells and the total number of cells were counted. The percentages of viable follicles were determined by calculating the percentage of unstained cells.
Histological examination
Ovaries were fixed in Bouin's solution for light microscopic evaluation. Serial 5-μm sections were prepared; every 10th section of each ovary was mounted on a glass slide, and stained with hematoxylin and eosin.
Follicular morphology was examined by microscope (magnification, ×400). For each ovary, 100 primordial follicles were counted in sections where the oocyte nucleus was visible, and their morphology was recorded. Normal follicles had a complete layer of flattened pregranulosa cells, oocytes with cytoplasm, and a normal nucleus. Abnormal follicles were classified as follows: pyknotic nucleus, and both nuclear and cytoplasmic damage.
Transplant into nude mice
Female nude mice (SCID) were used in this study. The mice were housed in groups of three per cage, maintained at 28°C under controlled sterile conditions, with a 12-h light/ dark cycle and free access to an autoclaved pelleted diet and water.
The mice were anesthetized by intraperitoneal injection of ketamine (75 mg/kg). The kidney was exteriorized through a dorsal-horizontal incision. A small hole was torn in the kidney capsule using fine watchmaker ' s forceps under aseptic conditions. Two pieces of cortex tissue were cut from each whole ovary in each group, and the cortex tissue was cut into 1×1×1 mm slices. Ovarian slices were inserted under the kidney capsule through the small hole. Both kidneys of each mouse received grafts, and four grafts were transplanted to each mouse. Finally, the body wall incisions and skin were closed. The transplantation process was performed at room temperature. At 30 days after surgery, the whole grafts were removed for histological evaluation. Measurement of the follicular density was performed. The whole ovarian graft was analyzed field by field by the light microscopy with a 40 × objective. The follicular densities were estimated as previously reported [18] . The volume of the ovarian tissue analyzed (V) was calculated by the formula: V mm 
Discussion
The emerging technology of ovarian cryopreservation followed by transplantation can be a useful option for fertility preservation in cancer patients. Although transplantation of frozen-thawed ovarian tissue has been successful for restoring fertility and ovarian function, the clinical efficacy and practicability are still uncertain [8] [9] [10] . Due to the limited life span of ovarian tissue grafts, whole ovary transplantation by vascular anastomosis is being explored as an alternative. The advantages and disadvantages of whole ovary transplantation are showed in Table 1 . Transplantation of the whole ovaries by vascular anastomosis has been performed in experimental animals [11, 19, 20] . Moreover, fertility in these animal transplantation models was evidenced by the delivery of offspring by the experimental rats and ewes [11, 21] . Despite of these encouraging results, however, a dramatic depletion in follicular density was observed in transplanted frozenthawed grafts. Imhof et al. reported a massive follicular depletion, with less than 8% follicles surviving in 18 months after grafting [11] . Other authors reported only a 6% follicular survival rate and the depletion of the entire follicular population after grafting [12] . Thus, further efforts are needed to be made to perfect the technology of whole ovary cryopreservation and transplantation. The major cause of freezing injury is the growth of ice crystals. During controlled freezing, intracellular water will have time to flow out by osmosis, and ice crystals will then form extracellularly. The formation of ice raises the concentration of solutes. Increased extracellular osmosis causes the cells to become dehydrated. Thus, the injury caused by crystallization can be minimized or avoided.
Cryopreservation of an entire organ is much more complicated than ovarian cortical strips or suspended cells (oocyte) or group of cells (embryo). The large volume of tissue and the diversity of cell types influence the efficiency Fig. 7 The follicular density of the grafts in each group Fig. 8 The follicle in the graft (←), the kidney tissue (→) (Bar=10 μm) of the cryopreservation of whole ovaries. The optimal cooling rate for slow freezing whole ovaries has not been reported. Histological examination is an important tool to evaluate the protocol of ovary cryopreservation. Follicle morphology is usually analyzed through several criteria: (1) eosinophilia and vacuolations, which are the most commonly used criteria for oocyte cytoplasm; and (2) contraction and clumping of nucleus chromatin material, which are usually considered signs of atresia [22] [23] [24] . However, in our study, we noticed that: (1) oocyte cytoplasm staining frequently varied from one slice to another, independent of any follicular damage; and (2) oocyte cytoplasm vacuolations were also observed on fresh ovarian tissue. Previous studies have also reported that the vacuolization of cytoplasm in oocytes appeared in both the fresh and the frozen-thawed groups analyzed by HE staining [25, 26] . It seems that this phenomenon occurs during the fixation and the stain procedures. As a consequence, we have chosen to evaluate oocyte morphology considering only the chromatin material aspect. Because the trypan blue test provides a means to estimate the follicular viability after cryopreservation, it has been used as a tool to assess the efficiency of the cryopreservation procedure [27] [28] [29] .
In this study, follicle viability, the percentage of morphologically normal primordial follicles, and the follicular density of the ovarian grafts in group IIb were the highest in all the experimental groups. During the process of freezing whole ovaries, if the cooling rate is fast, intracellular water will have no time to flow out, and the cells, especially those in the deepest parts of the ovary will be unable to maintain equilibrium, and ice crystals will form intracellularly. Intracellular freezing generally causes great damage to living cells, and thus the cooling rate must be slow enough to overcome the obstacle of difficult heat transfer and equilibrium due to the long distance between the inner cells and the ovarian surface. However, slowly cooled cells suffer damage due to long exposure to high electrolyte concentrations, excessive cell dehydration, and mechanical effects of the external ice. Thus the cooling rates should be fast enough to minimize the long exposure of ovaries to deleterious freezing conditions, but slow enough to avoid the damaging effects of intracellular ice formation. This may be the reason that protocol IIb was more effective than the other protocols in slow freezing of whole ovaries.
Ice-seeding is a process that induces ice nucleation using cold tweezers or a cold rod. Ice-seeding is essential for the frozen storage of oocytes, embryos and ovarian tissue because it enhances the dehydration of the cells by extracellular ice crystallization and leads to fewer internal ice crystallization. Trad et al. reported that the extracellular ice-seeding temperature significantly affects intracellular ice formation and cell viability during the frozen storage of human oocytes [14] . Nakamura et al. also reported that the ice-seeding temperature significantly affected yeast cell viability [30] . However, as far as we know, there are no published data on the detailed effects of the ice-seeding temperature on the survival of frozen whole ovaries. In this study, the protocol in which iceseeding was −5°C was more effective than the protocol in which ice-seeding was −2°C or −8°C. These findings may improve the freezing procedures of whole ovaries.
In summary, protocol IIb (the cooling rate is 0.2°C/min, and the ice-seeding temperature is −5°C) is suitable for slow freezing of cow whole ovaries. Yet, we should make further efforts to explore the optimal protocol for slow freezing of human whole ovaries, thereby restoring the endocrine and reproductive functions of female patients with cancer.
